The model in Figure 1C leads to a number of testable predictions; in particular, we would expect to observe a population of secondary siRNAs after RdRP-mediated synthesis of duplex RNAs followed by cleavage by RNaseIII/DICER activity. These secondary triggers would be derived primarily from sequences upstream of the initial trigger region on the target mRNA and would be expected to induce a secondary RNA interference reaction directed to any homologous target RNA.
In this paper, we demonstrate the production and biological activity of RdRP-dependent secondary triggers during RNA interference in C. elegans.
Results

Biochemical Evidence for Secondary siRNAs
We first sought to demonstrate the existence of secondary siRNAs through direct analysis of RNA populations. Although the appearance of short RNAs in the 21-25 nt range has universally been observed in studies of RNAtriggered gene silencing, the abundance of such RNAs varies considerably between systems. In particular, siRNAs observed during RNAi are apparently much less abundant in C. elegans than in plants and Drosophila (e.g., Hamilton probe RNA used to detect siRNA molecules. Figure 2 and (B), with the sequential activity of RdRP and a dsRNA-specific nuclease (e.g., DICER) leading to a target-dependent amplification shows results for two target genes: the muscle-specific of the siRNA population.
gene unc-22 and the germline-specific gene pos-1. In each case, the strongest siRNA signals were obtained when the trigger and probe sequences corresponded. This population of siRNAs would be expected from modOf the numerous roles proposed for RdRP during gene silencing, we were most intrigued by the possibility (Figels in which a dsRNA-specific nuclease cleaves the original dsRNA trigger to produce siRNA segments. In addiure 1) that antisense siRNAs that have annealed to a ssRNA target might be elongated by RdRP to produce tion to the trigger-coincident siRNAs, we also detected populations of small antisense RNAs that correspond longer stretches of dsRNA (Sijen and Kooter, 2000) . This model is particularly attractive in that (1) siRNAs are to regions of the target gene outside the original trigger. We tentatively refer to these as secondary siRNAs. The known to have a 3Ј hydroxyl group (Elbashir et al., 2001 ), which would be poised for elongation by an RNA polysecondary siRNAs were generally detected at levels substantially below those of the trigger-coincident merase, (2) cleavage of the RdRP-elongated regions of dsRNA to produce short siRNAs would result in a net siRNAs, but were reproducibly observed using several sequences for degradation. To test this hypothesis, it Although the detection limits of the system preclude a is necessary to distinguish between targeting by the definitive measurement of siRNA levels for each trigger/ initial dsRNA trigger and by the secondary siRNAs. This probe combination, two points emerge rather clearly is most conveniently carried out by means of a "transifrom the analysis. First, occurrence of a detectable sective RNAi" assay. Essentially, such an assay entails a cell ondary antisense population was limited to cases in with two populations of target RNA: the first population which the probe sequence was upstream (closer to the (primary target) has a segment which matches the 5Ј end of the target mRNA) as compared with the trigger dsRNA trigger; the second population has no homology sequence. Second, the abundance of secondary siRNA to the initial dsRNA trigger, but has a segment which is molecules appeared to decrease as a function of disidentical to the primary target. tance from the primary trigger. 
target encodes a mitochondrially targeted GFP (MtGFP)
To test whether transitive RNAi could proceed with which has no sequences from lacZ (both transgene endogenous genes as targets, we carried out the two mRNAs are driven by the myo-3 promoter). As a control, experiments shown in Figure 5 . In-frame deletion alleles animals carrying only one of the two transgene conof unc-22 and unc-52 provide a useful genetic tool: these structs show the expected effects: both GFPs are draalleles each produce proteins that lose a fraction of the matically reduced in progeny of animals injected with coding region (658 amino acids for unc-22(st528); 150 dsRNA corresponding to GFP, while only the NLS-GFPamino acids for unc-52(ra511)) but retain full wild-type LACZ construct is affected by dsRNAs corresponding function ( Figure 1C is that the gfp into wild-type animals (no transgene) produced no effect should exhibit a defined polarity, with interference phenotype; injection of dsgfp RNA into animals carrying depending on the order of the two segments in the a transgene expressing GFP alone produced a decrease primary target mRNA. This was the case, as shown by in GFP but no unc-22 phenotype. Injection of dsgfp the lack of sensitivity to transitive RNA when the order RNA into animals expressing the unc-22::gfp transgene of segments in the transgene construct was reversed produced the twitching phenotype that is characteristic of loss of unc-22 expression (e.g., ds-gfpA; Figure 4C ).
( Figure 4E ). suming equal dispersion of trigger RNA among the cells of the affected progeny, this corresponds to a stoichiometry on the order of ‫001ف‬ molecules of trigger RNA for ‫0005ف‬ molecules of target mRNA in each muscle initial triggering reaction is either fully dependent on, or greatly stimulated by, delivery of a trigger RNA with cell of the affected animals. Triggering also appeared to be structure-specific: although some interference double-stranded character. Not all potential trigger RNAs were capable of producwas observed with sense or antisense RNA preparations alone, there was a dramatic stimulation upon mixing the ing transitive interference. For each target RNA, we observed a graded effect as a function of distance between two preparations. As with previous studies (e.g., Fire et al., 1998), it was not straightforward to distinguish primary and secondary target sequences. The precise relationship between distance and effectiveness apwhether residual activity of our ssRNA preparations was due to low levels of dsRNA contamination even after peared to depend on the details of the experiment (compare positional dependence in Figures 3E-3H with that purification. In any case, these data indicate that the in Figure 4C ), but in each case, the effect decreased loss of rrf-3 function might release specific RdRP cofactors for use in RNAi), the nature of the effect will require with increasing distance between the segments. further experimental analysis; the major conclusion that we can draw at this point is that RRF-3 is nonessential -1, rrf-1, rrf-2, and rrf-3) rrf-1(pk1426), D. Conte and C. Mello (personal communi- (Smardon et al., 2000) . Two of these genes, ego-1 and cation) have observed loss of RNAi in soma but not rrf-1, are closely linked (0.9 kb apart in tandem orientagermline tissue in an independently isolated set of rrf-1 tion), while rrf-2 and rrf-3 map to distinct loci. ego-1 missense mutations. is an essential gene required for fertility: adult ego-1
We used two assays to address the production of homozygotes can only be derived as progeny of heterosecondary siRNAs in the RdRP mutants. These assays zygous mothers, thus it is not possible to carry out RNAi were carried out for somatic targets, since infertility of assays in the complete absence of maternal and zygotic tive interference. In these assays, we observed no loss of To extend our understanding of the RdRP gene family transitive interference in rrf-2(pk2040) and rrf-3(pk1426), in C. elegans, we produced deletion alleles of the rrf-1, while rrf-1(pk1417) completely blocked the transitive inrrf-2, and rrf-3 genes through PCR-based screening of terference. In parallel, we assayed directly for physical a chemical deletion library (Figure 6A ; protocol from production of secondary trigger molecules ( Figure 6C ).
Jansen et al., 1997). We obtained single deletion alleles
By this assay, we failed to detect upstream (secondary) for each rrf-gene: rrf-1(pk1417) deletes 401 aa, including siRNAs in rrf-1(pk1417) animals. rrf-2(pk2040) and rrfthe majority of the residues conserved in the RdRP fam-3(pk1426) retained the ability to produce the secondary ily; rrf-2(pk2040) deletes the presumed promoter region triggers. Interestingly, rrf-1(pk1417) mutants retain the and the first five exons; rrf-3(pk1426) produces an outability to produce a small population of siRNA molecules of-frame truncation after the fourth exon, effectively recorresponding to the original trigger RNA. The siRNAs moving most or all of the RdRP domain. These three produced in rrf-1(pk1417) may represent the primary deletions would be predicted to behave as genetic nulls.
trigger RNAs. These results are consistent with an Each of the three rrf deletions was viable and fertile; RdRP-independent cleavage of the initial dsRNA trigger, none showed any obvious morphological or growth defollowed by RdRP-and target-dependent amplification fects (the rrf-3(pk1426) strain produces a slightly higher of the trigger population. incidence of male progeny than wild-type; the source A variety of genes have been shown to play essential of this effect has not been characterized). While this or contributory roles in RNAi in C. elegans. To identify work was being carried out, an additional transposon additional genetic requirements for transitive RNAi, we (Tc1)-induced allele of rrf-3 was obtained (F.S. and R.P., first assayed two genes for which the most straightforunpublished data; protocol from Zwaal et al., 1993). Alward genetic tools were available. rde-1 and rde-4 are though the majority of our analysis was carried out with the only C. elegans genes known to be essential for the three deletion alleles, the transitive RNAi properties RNAi in all tissues. Since both genes are dispensable for of rrf-3 (see below) were confirmed with the Tc1 allele.
organismal viability and fertility, the assays for transitive As shown in Figure 6B , the rrf-2 and rrf-3 deletion RNAi were straightforward. We found that both genes strains were sensitive to RNA interference in all tissues were required for the transitive RNAi assay ( Figure 6B ). (soma and germline) and for all assays performed (both We note an ambiguity that is inherent in both siRNA standard RNAi assays and transitive RNAi assays). For and transitive RNAi assays: since both assays depend rrf-2(pk2040), we observed no differences from wildon early steps in the RNAi pathway, the results with rrf-1, type in any of the RNAi assays. These results indicate rde-1, and rde-4 mutants do not distinguish between (1) either a redundant role for RRF-2 in RNAi or (alternaa specific loss of secondary siRNAs and (2) a decrease tively) a role in a distinct cellular process. Interestingly, in secondary siRNAs as a result of inefficiency in earlier the rrf-3 deletion and Tc1 insertion strains both showed stages in the RNAi pathway (e.g., primary siRNA producreproducible increases in sensitivity to RNAi when comtion). 
